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Inland waters are extremely sensitive to inputs of contaminants. Increasing human
activities lead to a rise in organic and inorganic pollutants leading to acidification or
eutrophication problems. Many aquatic organisms are affected by these contaminants
and significant modifications of their community composition have been recorded. As
part of the European Water Framework Directive, macrophyte biomonitoring has been
developed to assess the quality of waters and their ecological status. The purpose of
such studies was to establish the macrophyte-community composition as an indicator
of the pollution level using multivariate approaches. As the various macrophyte indices
evolve in concordance with European environmental policy needs, spatial and temporal
comparisons between aquatic environments from different regions or countries would be
possible.
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INTRODUCTION
Inland-water pollution is a problem worldwide. As a result of
industrial development, demographic growth and intensifica-
tion of agriculture, this phenomenon has reached an alarming
level. It induces a loss of its overall quality which disrupts from
any natural or regular use due to human-health dangerousness
and aquatic-ecosystem disturbance. It can concern groundwaters,
lakes, rivers, swamps, and wetlands. Water contamination has
many origins including agrochemicals (fertilizers and pesticides),
industrial by-products and untreated sewages (Miquel, 2003).
Waters can dissolve most of minerals and organic chemicals
as well as transporting in suspension insoluble compounds and
solid wastes. All contaminants are carried far from their point
of discharge through the surface waters as well as groundwaters.
The consequences of aquatic pollutions can be ecological (dis-
turbances of biological structure and function), sanitary (impact
on the public health by pathogen contact) and esthetic (Delmail,
2011).
EN ROUTE TO THE “GOOD STATE”
The European Water Framework Directive (WFD) was estab-
lished in 2000 to improve and to maintain the overall environ-
mental quality of inland waters located in the European Union.
It commits the member states to achieve a “good status of all
water bodies” (including sea/ocean up to one nautical mile from
shore) by 2015 (Fontaine and Glavany, 2000). In its second
article, the WFD requests chemical and ecological water status
both of good quality according to several criteria: biological,
hydromorphological and chemical (physico-chemistry and xeno-
biotics). To reach a “good status,” discharges cannot exceed the
maximum authorized emission limit values and environmental
quality standards established for 12 priority-substance families
(CEPC, 2012).
To assess the ecological status, biomonitoring is favored.
Biomonitoring is the use of organisms sensitive to a specific
pollutant with a presence and/or a physiological state, related
to the ecological quality (biological, chemical, functional, and
microclimatic) of the environment (Tachet, 2006). It is mainly
based on the diversity and the state of animals (benthic inver-
tebrates, ichthyofauna), microorganisms (phytoplankton), and
plants (macrophytes, phytobenthos).
WATER-QUALITY ASSESSMENT
The notion of inland-water quality has evolved during the three
last decades with the rise of protocols to monitor water pollution.
This evolution is related to knowledge updates, immediate needs
in environmental monitoring and water quality. Since the 90’s, the
ecology of aquatic environments has been an important topic in
European politics (Delmail, 2011). With the WFD, the concept of
water quality has changed: a good biological state implies now a
healthy state. The evaluation of the chemical state provides com-
plementary information to support the biological state and is not
the sole source of data to assess the environmental state (Steyaert
and Ollivier, 2007; Chauvin et al., 2008).
We currently need methods to evaluate the health of living-
organism groups. The old protocols must be optimized to provide
a solution in concordance with the environmental-health requests
like discharge limits. Among aquatic organisms, research has
focused on using macrophytes as bioindicators. Previous meth-
ods based on these plants need to be updated considering the
new European laws and to be standardized for more effective
environmental management (Chauvin et al., 2008).
MACROPHYTES
Aquatic organisms considered as “macrophytes” are photosyn-
thetic ones with a size (or with a colony) visible to the naked
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eye. They include submerged, floating or emergent phanerogams,
bryophytes, microalgae with filamentous, thallus or globular
colonies, macroalgae (Characeae), pteridophytes, and to a lesser
extent lichens and fungal/bacterial colonies (Chauvin et al., 2008).
Another question is where are macrophytes found? The most
evident answer is where water is present for some time. So
confusion can appear between macrophyte environments and
wetlands as defined by the intergovernmental Ramsar Convention
in 1971. Indeed this is consistent with the features of wetlands:
hygrophilous plants adapted to floods or groundwaters near the
surface live temporarily in these environments where superficial
waters could be 6 meters at the deepest (euphotic zone) (Haury
et al., 2008).
Macrophytes play an important physicochemical role, improve
water clarity through sediment stabilization and act as ecosystem
engineers. They are substrate for epiphyton, have a key position
in trophic web and are critical habitats for invertebrates and fishes
(Haury et al., 2008; Delmail, 2011).
FROM CONVENTIONAL WATER QUALITY STUDIES TO
INNOVATIVE BIOMONITORING
Until the end of the 80’s, monitoring using more or less sen-
sitive and effective analytical methods (e.g., chromatography,
electrochemistry) led to qualitative and quantitative identifica-
tion of chemicals considered as harmful and/or toxic to inland
waters and their living organisms (Delmail, 2011). Despite the
need for such protocols to assess contaminant concentrations,
there are limitations with chemical analyses related to sampling
problems, inadequate detection limits, and costs associated with
daily/weekly analyses. Moreover, some contaminants are never
considered in these environmental-monitoring investigations as
their behavior in surface waters is unknown, or they are new
anthropogenic compounds released in nature (Ganzleben and
Hansen, 2012). Although conventional chemical analyses provide
details on the occurrence of certain xenobiotics and their related
concentrations, they cannot highlight the pollutant impact on its
final target, the living organisms.
To assess more directly environmental health, biomonitor-
ing was proposed to complement the chemical analyses. This
approach uses organisms (isolated individuals, populations, com-
munities) at all organization levels (biochemical, cell, histology,
molecular, morphology, and physiology) to anticipate or high-
light an environmental perturbation and to follow environmental
change (Garrec and Van Haluwyn, 2002). The biological effects
of xenobiotics are thus integrated as indicators/markers to track
xenobiotics/pollutions. Biomonitoring can also provide an early
detection of pollution before the biocoenosis disruption, and
especially before effects occur at the whole ecosystem level.
Previous methods based on macrophyte biomonitoring are
now required to match with the WFD. The WFD deadlines do
not allow the development of new scientific approaches which
implies adapting older ones. This upgrade must also consider
eventual further modifications and validations, depending on the
evolving knowledge. The environmental monitoring will have to
integrate constantly updates depending on what is requested to
perform efficiently the inland-water management. The challenge
is to develop in the next years new monitoring methodologies
including the capacity to standardize with the changes in environ-
mental legislation. Standardization will allow inter-comparisons
of results from diverse geographical origins. Unfortunately envi-
ronmental managers will only retain methodologies matching
with laws rather than their scientific relevance (Chauvin et al.,
2008).
CHEMICAL PERTURBATIONS AND MACROPHYTE
RESPONSES
Environmental perturbations can refer to either relative or abso-
lute changes in: the relative one refers to a deviation from normal
ecosystem dynamics and the absolute one is based on measur-
able changes in chemicals. In the first one, events like annual
flooding and eutrophication are not considered as perturbations,
but rather as stress, due to natural occurrence (e.g., wet season)
and regular occurrence (e.g., continuous nutrient release from
sewage plants), respectively. However, in the second one, these
events induce deviation from normal dynamics and are defined
as perturbations due to, e.g., substrate erosion and loss of avail-
able dioxygen, respectively (White and Jentsch, 2001; Trémolières
et al., 2008). Consequently studies in aquatic ecotoxicology are
mainly focused on perturbations. A perturbation integrates the
cause and consequence of an event occurring at different time
and space scales which disrupt the hydrosystem structure and the
organization of biological communities (Trémolières et al., 2008).
Attached hydrophytes integrate environmental disruptions
and develop adaptative mechanisms. The main visible conse-
quences are changes in (i) the abundance (e.g., Haury et al.,
2006), (ii) the composition (e.g., Thiébaut and Muller, 1999),
and (iii) the phytocoenosis richness (e.g., Hinojosa-Garro et al.,
2008). Many phytosociological studies have underlined relation-
ships between nutrient levels and phytocoenosis distributions
(Hinojosa-Garro et al., 2008). Various indices are based on
macrophyte communities and their responses toward a few kinds
of pollution, e.g., acidification, eutrophication and heavy metals;
they constitute a reference in water-quality categories defined by
their lithological and chemical characteristics, in specific physi-
cal contexts (Trémolières et al., 2008; Delmail, 2011; Delmail and
Labrousse, 2014).
MACROPHYTE BIOMONITORING
To assess the overall environmental quality of hydrosystems, most
macrophyte biomonitoring methods were based on indices rather
than biomarkers. Using such global and taxonomic indices, some
scores were attributed to species according to their relevance
in acidification (Tremp and Kohler, 1995; Thiébaut and Muller,
1999), organic pollution (Husák et al., 1989) or trophy level
(Schneider, 2000; Haury et al., 2006).
Prygiel and Haury (2006) reported the Bryophyte Index of
Heavy-Metal Toxiphobia (Empain et al., 1980) as one of the
first indices based on aquatic macrophytes. It determines any
variations consequent to heavy-metal pollution in bryophyte
communities. Its use in Northern Europe predates the develop-
ment of research on bioaccumulation. Phytoremediation is an
important research field full of promise for the recycling of rare
metals extracted from plant tissues. However, other ecotoxicolog-
ical indices are still actively employed in Europe, mainly focused
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on the evident relations between macrophyte abundance and
phosphate and ammonium concentrations in inland waters.
Changes in European macrophyte diversity induced by
eutrophication were firstly studied using multivariate statistical
methods (e.g., Monschau-Dudenhausen, 1982). Consequently,
several ways of assessing the aquatic trophic state via macrophytes
were developed as these plants respond differently to trophic
levels depending on their geographical distribution: the British
“Mean Trophic Rank” (MTR) index (Holmes, 1995), the German
“Trophic Index ofMacrophytes” (TIM) (Schneider, 2000) and the
French “Macrophyte Biological Index for Rivers” (IBMR) (Haury
et al., 2006) calculated on species scores, coefficients of ecolog-
ical valence and degree of cover. Index calculations include the
species abundance and the relation between species occurrence
and environmental nitrogen/phosphorus concentrations as the
availability of these macroelements plays an important role in
controlling macrophyte distributions (Figure 1). However, the
role of the macronutrient potassium is poorly known despite
its high concentration as a contaminant of domestic wastew-
aters (Saidin et al., 2014), and its physiological importance in
macrophytes (Delmail, 2011). Further investigations need to be
conducted to consider its inclusion in indices. Moreover, differ-
ences occur between the species lists considered in each metrics
depending on the taxon geographical optimum, e.g., mainly low-
lands in MTR, supplementation of mountain affinities in IBMR
and mediterranean affinities in TIM.
The United Kingdom Environment Agency has commissioned
the development of the MTR scheme (Holmes et al., 1999) as
a biomonitoring tool to aid in the implementation and mon-
itoring of the European Union Urban Waste Water Treatment
Directive (Dawson et al., 1999). Applications of the MTR in
Poland have been attempted (Szoszkiewicz et al., 2006) and also
tested within the STAR project (and in France, in compari-
son with the IBMR index) (Prygiel and Haury, 2006). Indeed,
the European Committee for Standardization has developed the
STAR program to consider and to test a standard methodology
for the surveying of macrophytes throughout Europe. The STAR
survey will improve existing knowledge on the ecology of river
plants at a pan-European scale. This macrophyte survey is based
in the detail on the field sampling procedure of the MTR. STAR
has attempted to integrate the standard field techniques from pre-
vious developed indices to allow a standard system on one type
of field recording from which includes the individual range of
parameters. Analysis will then allow links or access to existing data
collected by each country’s method (Dawson, 2002). The stan-
dardized botanical surveys provide a temporal synchrony across a
wide geographical area. It includes many stream types and exten-
sive amount of environmental information. In current attempts
to establish standards, correlations are first examined between
macrophyte communities and trophic gradients across Europe to
study the relationships between several ecological (macrophyte
and global) metrics and nutrient status. Then, the development
of a pan-European MTR index is attempted by the addition of
further scoring species and by the rescoring of existing species
(Szoszkiewicz et al., 2006). Szoszkiewicz et al. (2006) conclude
that an enlarged core group of macrophyte species can form part
of an improved pan-European macrophyte-based bioassessment
FIGURE 1 | Example of macrophyte-community dynamics in the case
of eutrophication. The species presented here and their relative
parameters are used in the IBMR calculation. Csi, specific trophic size (from
0 to 20); Ei, eury-stenoecie coefficient (from 1 to 3).
system, although regional modifications are required to efficiently
describe the nutrient status of specific stream types.
More recently, research emphasis has been placed on the pre-
dictive ability, sensitivity and specificity of hydrophyte biomark-
ers as biomonitoring agents for environmental risk assessment.
This allows the monitoring of new organic pollutions: for exam-
ple, with Lemna minor Cedergreen et al. (2007) highlighted
reduction of both chlorophyll and carotenoid contents and EC50
specific to a herbicide family. Chelation capabilities of pollutants
are also investigated as an indicator of the contamination level.
As an example, depending on hydrophyte species, the biocon-
centration factor of a xenobiotic from vacuoles can be correlated
to its environmental rate. This index can be of interest to study
rising pollution as the hydrophyte will highly concentrate the
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contaminant and allows the early detection of pollution (Delmail
et al., 2013).
In conclusion, field inventories require strong efforts to stan-
dardize protocols to be consistent with environmental legislation
and to develop new methods dedicated to particular aquatic
environments like artificial lakes.
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